It has long been known that obesity is a high risk factor for cardiovascular diseases. In more recent years, the analysis of several large epidemiological databases has also revealed that, independently of excess weight, large fluctuations in body weight at some point earlier in life represent an independent risk factor for type 2 diabetes and hypertension -two major contributors to cardiovascular diseases. High cardiovascular morbidity and mortality have indeed been reported in men and women who in young adulthood experienced weight fluctuations (involving the recovery of body weight after weight loss due to disease, famine or voluntary slimming), or when weight fluctuations occurred much earlier in life and involved catch-up growth after fetal or neonatal growth retardation. This paper addresses the pathways from weight fluctuations to chronic metabolic diseases by focusing on the phenomenon of accelerated fat recovery (ie catch-up fat) after weight loss or growth retardation. Arguments are put forward that, during catch-up growth or weight recovery on our modern refined foods, the mechanisms of adaptive thermogenesis that regulate catch-up fat are pushed beyond the limits for which they were meant to operate and turn maladaptive. The consequences are enhanced susceptibilities towards skeletal muscle insulin resistance and overactive sympathetic activity, both of which are major contributors to the pathogenesis of chronic metabolic diseases. Since weight fluctuation earlier in life (independently of excess weight later in life) is an independent risk factor for metabolic diseases, the mechanisms by which body fat is acquired would seem to be at least as important as the consequences of excess fat per se in the pathogenesis of diabetes, hypertension and cardiovascular diseases. International Journal of Obesity (2002) 26, Suppl 2, S46 -S57. doi:10.1038=sj.ijo.0802127
Weight fluctuations through the ages
Cardiovascular diseases are well recognized to be among the most common debilitating complications of excess body fat. According to some reports, as many as 50% of obese people have high blood pressure and type 2 diabetes, which are both major contributors to their high predispositions to cardiovascular diseases. 1, 2 While restriction of energy intake and weight loss improve insulin sensitivity and lower blood pressure, the long-term prognosis of treatment is poor. In the vast majority of patients, the phase of weight loss is followed by a return towards the obese state, together with the associated metabolic complications and high cardiovascular risks. In fact, several lines of evidence suggest that the process of recovering body weight is itself an independent risk factor for the development of cardiovascular diseases.
First, the analysis of several large epidemiological databases 3 -7 has revealed a higher cardiovascular morbidity and mortality in men and women who previously experienced marked fluctuations in body weight. These associations were found to be independent of excess weight and trend of body weight over time, and are hence of clinical relevance not only for the obese dieters who fail to maintain their lost weight, but also for non-obese population groups whose weights fluctuate because of chronic diseases, such as those suffering from chronic alcoholism and gastrointestinal diseases. In fact, the evidence for higher cardiovascular risks due to large swings in body weight is more compelling in cohorts from the general population than from obese populations per se. In some of these former cohorts, even a single cycle of substantial weight loss and weight recovery in young adulthood was found to be a risk factor for subsequent coronary heart diseases and mortality. 3, 4 Second, the importance of weight recovery in the associations between weight fluctuations and later cardiovascular risk factors may be reflected in the phenomenon of 'refeeding hypertension'. Episodes of hypertension were observed in malnourished British prisoners of war during the period of recovery from semistarvation. 8 Spanish internees in France were reported to develop sudden moderate hypertension concomitant with the institution of treatment for semistarvation. 9 Particularly striking are descriptions of an epidemic of hypertension and hypertensive cardiovascular disease which occurred over a period of 2 y after the lifting of the siege of Leningrad in 1943. The incidence of the disease increased markedly in all age groups, and could not be accounted for by changes in age and sex distribution of the wartime population of the city. 9 More recently, the development of high blood pressure has also been reported in some patients relapsing into obesity after therapeutic slimming. 10 Of particular interest are the findings of a recent analysis of the longitudinal SOS intervention study of obese hypertensive patients who have undergone bariatric surgery. 11 Although the beneficial effect of marked weight losses on blood pressure was well-documented in these patients by 2 and 4 y post-surgery, a modest regain in body weight (< 25% recovery) when re-examined after 8 y was accompanied by a complete relapse of blood pressure to the presurgery hypertensive levels.
Third, and perhaps the most compelling evidence linking weight recovery and cardiovascular risks later in life derives from longitudinal studies extending throughout an entire generation in many parts of the world. There is emerging evidence suggesting that people who had low birth weight or who were stunted during infancy and childhood, but who subsequently showed catch-up growth, had higher susceptibility for central obesity, impaired glucose tolerance, diabetes, hypertension and cardiovascular diseases later in life. 12 -15 For example, the analysis of data from Holland indicated that an adult population cohort who had been exposed to the Dutch famine in late-or mid-gestation shows higher prevalence of impaired glucose tolerance, hypercholesterolemia, high blood pressure and obesity. 15 In Finland, men who were thin at birth but subsequently showed catch-up growth and became overweight in childhood were found to have a 5-fold increase in mortality compared with men with a high BMI at birth and lean in childhood, 12 thereby underlining the effect of size as among the largest effects found in cardiovascular epidemiology. Further evidence that catch-up growth, although beneficial in the short term, might be detrimental in the long term can be derived from studies conducted in countries undergoing nutrition transition. Studies from South Africa, Brazil, Russia and China suggest that stunted children have a 2 -8 times greater risk of becoming overweight and=or have increased incidence of cardiovascular and metabolic disorders. 16 -17 In Guatemala, stunted children were found to be particularly prone to central fatness as adults. 18 There is growing evidence that these 'stunted-obese' adults who may or may not have been born small, but who became stunted during infancy or childhood and catch-up later in body weight but not in height, are at high risks for the metabolic syndrome. 19 The question that arises from all these retrospective and prospective studies therefore is why the phase of weight recovery seems, a priori, to be a period which renders individuals particularly prone to the development of high risks for cardiovascular diseases. Current hypotheses center upon the notion that malnutrition, particularly when it occurs during critical periods of growth and development, can lead to lasting alterations in the structure or function of tissues and body systems. Such malnutrition-induced 'programing' or 'imprinting', 20 although adaptive during the period of limited supply of nutrients, is thought to contribute to increased risks for diseases during improved nutrition later in life. While the early mechanisms that underlie such predispositions remain obscure, a common denominator in all these situations of large weight fluctuations is that body fat is recovered at a disproportionately faster rate than that of lean tissue, thereby underscoring a potentially pivotal link between processes that lead to accelerated fat recovery and higher cardiovascular risks.
In the following sections, we first focus attention upon the almost ubiquitous observation of preferential fat recovery after severe weight loss or growth retardation, and then review the evidence that this phenomenon of 'catch-up fat' is characterized by a high metabolic efficiency brought about by a control system that suppresses thermogenesis specifically as a function of the state of depletion=repletion of the body's fat stores. We subsequently discuss the mechanisms by which this control system, which is referred to as an adipose-specific control of thermogenesis, could confer the phase of weight recovery with its high susceptibility towards the development of insulin resistance and high blood pressure.
The catch-up fat phenomenon
There is a large literature reporting excessive fat deposition during nutritional rehabilitation after malnutrition. In their commentary, some 30 y ago, on the effect of early nutrition on the deposition of fat in the body, Widdowson and Shaw 21 drew attention to studies conducted on malnourished children in the 1960s at the Tropical Metabolism Research Unit in Jamaica. They pointed out that when children recovering from marasmus or marasmic-kwashiorkor in the studies of Ashworth 22 had reached their expected weight-for-height, their bodies contained 25 -37% of fat, with a mean value of 30%, which is more than that found by Garrow et al 23 for clinically well-nourished children in the same age-range. There have since been many more reports that gains in body weight, even during apparently successful catch-up growth in infants and children, are largely due to gain in fat, with the reconstitution of lean body mass lagging behind. 24 -28 This same phenomenon of catch-up fat has also been pointed out since the turn of the twentieth century in adults recovering weight after diseases or famines. 29, 30 In particular, Debray et al 31 noted that the early increase in the weight of prisoners transferred from German concentration camps to a Paris hospital in a condition of severe starvation was largely due to the accumulation of fat rather than to the rebuilding of muscles. Keys et al 32 in their study on long-term experimental semistarvation and refeeding in conscientious objectors of war found that, when body fat was 100% recovered, the recovery of muscle mass or fat-free-mass (FFM) was less than 40% of prestarvation values. By the time that FFM had been fully recovered, body fat had exceeded the prestarvation values by more than 75%. 33 These findings led Keys et al 32 to describe such preferential fat accumulation and fat overshooting as 'post-starvation obesity'. Some 50 y later, a similar conclusion was reached by Weyer et al 34 in their follow-up study of men and women who lost about 15% of their body weight during exposure to modest energy restriction sustained over 2 y during confinement in Biosphere 2, a self-contained ecological 'miniworld' and prototype planetary habitat built in Arizona. Although their body weight returned to pre-entry values 6 months after exit, the weight regained was found to be almost exclusively accounted for by an increase in body fat. Over the past few decades, this phenomenon of fat recovery predominating over muscle reconstitution has also been reported in hospitalized adult patients recovering from severe weight losses due to poverty-related undernutrition, 35 anorexia nervosa, 36 and various pathophysiological 'hypermetabolic' conditions including cancer, 37 septic shock 38 and AIDS. 39 Explanations for this phenomenon of catch-up fat and poor recovery of lean tissues have in the past centered upon inadequate intake of dietary protein or other nutrients for optimal protein deposition, or that the absolute amount of food consumed may greatly exceed the energy requirements for maintenance, tissue synthesis and physical work, such that the extra energy ingested is deposited as fat. However, the fact it persists on well-balanced diets, often low in fat content, and independently of the level of dietary energy, protein, mineral and vitamin supplementation, 32, 35, 36, 40, 45 underscores an increase in metabolic efficiency directed at fat deposition as a fundamental physiological process operating to accelerate fat recovery after growth retardation or weight loss. In other words, the phenomenon of catch-up fat seems to be a normal physiological process characterized by an elevation in the efficiency of cellular energy utilization.
Adaptive thermogenesis during catch-up fat A higher metabolic efficiency during the progress of starvation has in fact been well documented in human studies of experimental starvation, as judged by the reduction in basal metabolic rate (BMR) which is greater than can be accounted for by the loss in body weight and in lean tissues. 32, 34, 41 This deviation from predicted values in the reduction in BMR is generally regarded as the outcome of a regulatory process that, in the face of the starvation stress, increases metabolic efficiency by downregulating cellular energy utilization (ie suppresses thermogenesis), and hence reduces the rate at which the body's tissues are being depleted. Such suppression of thermogenesis, which is observed at a relatively early stage during the course of starvation, is known to be primarily under the control of the sympathetic nervous system (SNS), and is believed to be dictated by signals arising as a direct function of the deficit in food energy. 42, 43 However, as pointed out above, the common observations that body fat is recovered earlier than lean tissue raises the possibility that (i) a component of the adaptive reduction in thermogenesis during weight loss is also dictated by signals arising specifically from depletion of the fat stores, and that (ii) it is this component in the adaptive reduction in thermogenesis which persists during weight recovery for the purpose of accelerating the replenishment of fat stores.
From a systems physiology standpoint, the nature of the adaptive reduction in thermogenesis in response to starvation and refeeding can thus be conceived to be constituted by two distinct control systems, as depicted in Figure 1 . One Figure 1 Diagram showing schematically the two distinct control systems underlying adaptive thermogenesis during prolonged starvation and subsequent refeeding: (i) the non-specific control of thermogenesis, which is mediated by the sympathetic nervous system (SNS) and which is a direct function of food energy supply; and (ii) the adipose-specific control of thermogenesis which is independent of the functional state of the SNS and which is a direct function of the state of depletion=repletion of the fat stores. Note that the levels 1 -4 during refeeding correspond to different caloric loads, with energy intake at level 1 -2 well below and level 4 above that prior to starvation, respectively. See text for details. Adapted from Dulloo and Jacquet. 48 control system, which is a direct function of changes in the food energy supply, responds relatively rapidly to the energy deficit. Its effector mechanisms are suppressed early during the course of starvation, and upon refeeding they are restored relatively rapidly as a function of energy re-availability, and are activated further if hyperphagia occurs during refeeding, which could hence account for increased diet-induced thermogenesis (DIT). 44 -47 Because the efferent limb of this control system, which is primarily under SNS control, is dictated not only by the dietary energy supply but also by a variety of other environmental factors such as diet composition, specific nutrient deficiencies, ambient temperature, psychological stress, etc, 42, 43 it is referred to as the non-specific control of thermogenesis. By contrast, the other control system has a much slower time-constant by virtue of its response only to signals arising from the state of depletion=repletion of body fat stores; it is therefore referred to as the control system operating through an adiposespecific control of thermogenesis. 48 The definitions of these two control systems underlying adaptive thermogenesis are thus made on the basis of their differential commands, either deriving solely from the state of adipose tissue depletion or not.
Human studies
Support for the existence of an adipose-specific control of thermogenesis in humans comes from the reanalysis of data on changes in BMR and in body composition from the Minnesota Experiment. 32 In this classic study, 32 healthy men of normal body weight were subjected to 24 weeks of semi-starvation during which each man lost 25% of his initial body weight, followed by 12 weeks of restricted refeeding on diets relatively low in fat (20% fat by energy). An examination of the temporal changes in BMR during the course of the semi-starvation period (Figure 2) suggests that, once adjusted for reductions in FFM and fat mass, a large component of this apparent reduction in thermogenesis is evident by week 4 -the first time-point of available data on BMR after the onset of starvation. However, a closer inspection of the kinetics of the fall in adjusted BMR also reveals a further reduction, albeit occurring at a slower rate, over the subsequent 20 weeks, such that the adjusted BMR, which corresponded to 10% of prestarvation BMR at week 4, was further reduced to 20 and 25% of pre-starvation BMR at weeks 12 and 24, respectively. These findings therefore lend support to the notion that, in response to a major step change (reduction) in energy intake, the nature of the adaptive reduction in thermogenesis is biphasic on the basis that it has an initial rapid onset component, followed by a subsequent slower component whose kinetics seem to correlate with the loss of body weight, fat and FFM.
Such a link between this slow component of the adaptive reduction in thermogenesis and the body's fat stores was subsequently tested by examining the extent to which interindividual variability in the change in adjusted BMR (suppressed thermogenesis) could be explained by the degree of depletion of the body's fat stores. As shown in Figure 3 , a plot of Dadjusted BMR against the deviation in body fat revealed a positive relation during starvation, ie the greater the degree of fat depletion during starvation, the greater the degree of suppression of thermogenesis. 49 A similar relation was also found after the 12 week period of restricted refeeding, ie the lower the degree of fat repletion, the greater the extent of reduction in residual BMR and hence the greater the degree of reduction in thermogenesis. These significant correlations between reduced thermogenesis and deviation in body fat contrasted with the lack of correlation against the deviation in FFM, whether during starvation or refeeding. 49 A similar relation between the size of suppression of thermogenesis and the recovery of body fat (and not FFM) was more recently reported in patients regaining predominantly fat during rehabilitation from malnutrition caused by nonneoplastic gastrointestinal disease. 50 Taken together, the real-time kinetics of the adaptive reduction in thermogenesis during the course of weight loss, together with the continuum in the existence of the relation between suppressed thermogenesis and fat depletion during both phases of weight loss and weight recovery, reflect the operation of a control system with a negative feedback loop between adaptive thermogenesis and the state of depletion of the fat stores, ie an autoregulatory feedback system in which signals from the depleted adipose fat stores exert a suppressive effect on thermogenesis. Figure 2 Temporal changes in basal metabolic rate (BMR) in the 32 men undergoing experimental semistarvation for 24 weeks in the Minnesota Experiment. The data of BMR, measured as rate of basal oxygen consumption, are expressed as a percentage of the prestarvation (control baseline) period. The reduction in BMR, after adjustments for loss in fat-free-mass (FFM) and fat mass, represent an adaptive suppression of thermogenesis, which at week 4, 20 and 24 of semistarvation was found to correspond to about 10, 20 and 25% of prestarvation BMR, respectively. 49 Adapted from Keys et al 32 and Dulloo and Jacquet. 49 Animal studies More direct evidence for the existence of an adipose-specific suppression of thermogenesis whose role is to accelerate specifically body fat recovery can be derived from complete energy balance studies in laboratory animals regaining weight after semi-starvation. Under conditions whereby the rehabilitated rats were pair-fed to weight-matched controls, the rate of protein deposition was found to be the same as in controls, but that of fat deposition was increased by more than 2-fold as a result of 10 -15% lower energy expenditure during the first 2 -3 weeks of isoenergetic refeeding. 48, 51 A number of factors that could theoretically contribute to this difference in energetics between refed and controls (age difference, physical activity, feeding pattern) have been evaluated and shown to have a minimal impact on the difference in energy expenditure between the two groups. 51, 52 Consequently, under conditions of our refeeding study, the lower energy expenditure in the refed than in the controls is essentially the energy spared as a result of sustained suppression of thermogenesis for the purpose of catch-up fat.
The subsequent demonstrations 53 that when both refed and controls were pair-fed during exposure to cold (a state of markedly elevated sympathetic activation of thermogenesis) the refed animals still showed the capacity for energy conservation directed at catch-up fat, suggested that the mechanisms underlying the adipose-specific suppression of thermogenesis are clearly distinct from sympathetic control of thermogenesis. Viewed in another way, the fact that during weight recovery, suppressed adipose-specific thermogenesis (energy conservation) can co-exist with enhanced SNS-mediated non-specific thermogenesis (energy dissipation), whether in response to stimuli of cold, 53 hyperphagia, 52 protein-deficient diets 54 or infections, 55 suggests that these two control systems have distinct effector sites, with the adipose-specific control of thermogenesis occurring at sites other than those recruited by the SNS in response to diet and cold.
Based upon our overall analysis of tracer kinetic studies of norepinephrine turnover rates in various organs and tissues 56 -63 (Table 1) , it could be postulated that the mechanisms underlying non-specific (SNS) control of thermogenesis operate in the metabolically fast-tissues=organs (such as the liver, kidneys, heart and brown fat), and are rapidly restored upon food re-availability. By contrast, the mechanisms underlying the adipose-specific control of Figure 3 Minnesota Experiment of human starvation and refeeding revisited: relation between suppressed thermogenesis, assessed as change in BMR adjusted for changes in FFM and fat mass, and the state of depletion of body fat stores during weight loss (S12, week 12 of semi-starvation) and during weight recovery (R12, week 12 of restricted refeeding). Adapted from Dulloo and Jacquet. 48 thermogenesis, and independently of the SNS, operate primarily in skeletal muscle, a tissue already known to be an important site of starvation-induced suppression of thermogenesis, as judged by studies of regional blood flow by microspheres coupled with measurents of arterial-venous oxygen consumption. 64 In other words, the control system underlying the adipose-specific control of thermogenesis could operate as a feedback loop between the adipose tissue fat stores and skeletal muscle. As depicted in Figure 4 , it could hence comprise a sensor(s) of the state of depletion of the fat stores, a signal(s) dictating the suppression of thermogenesis as a function of the state of depletion of the fat stores and an effector system mediating adaptive thermogenesis in skeletal muscle.
To date, however, studies of prolonged starvation and refeeding have indicated that neither circulating levels of FFAs nor leptin show temporal changes that correlate with the kinetics of suppressed thermogenesis under adiposespecific control. 65 There is also no convincing evidence that the uncoupling protein homologs, UCP2 and UCP3, have a physiological role in the mediation of thermogenesis in skeletal muscle. 66, 67 In the present state of knowledge, the sensor(s), signal(s), and effector system of the adipose-specific control of thermogenesis remain unknown. There is, however, an increasing number of candidate genes that are being unraveled by techniques of molecular biology, and these will certainly be tested in the context of an inter-organ signaling between adipose tissue fat stores metabolism and skeletal muscle thermogenesis.
A compartmental model
An overall integration of these two control systems underlying adaptive thermogenesis in the regulation of body weight and body composition during a cycle of weight loss and weight recovery is discussed with the help of a schematic diagram presented in Figure 5 . Figure 5a embodies previous findings that the control of body energy-partitioning between protein and fat is an individual characteristic, ie individuals vary in their partitioning characteristic (Pc) between protein and fat during starvation (see Dulloo and Jacquet 68 for review), and Figure 5b takes into account the two distinct control systems for adaptive thermogenesis which can operate independently of each other.
During starvation, the control of partitioning determines the relative proportion of protein and fat to be mobilized from the body as fuel (ie the individual's Pc), and the energy conserved due to suppressed thermogenesis is directed at reducing the energy imbalance, with the net result that there is a slowing down in the rate of protein and fat mobilization in the same proportion as defined by the Pc of the individual. Indeed, the fact that in normal-weight humans, the fraction of fuel energy derived from protein (ie the P ratio) remains relatively constant during the course of prolonged starvation 69 implies that neither control system underlying suppressed thermogenesis is directed at sparing specifically protein nor specifically fat, but at sparing both protein and fat compartments. During starvation, therefore, the functional role of both control systems underlying suppressed thermogenesis is to reduce the overall rate of fuel utilization.
During refeeding, the control of partitioning operates in such a way that protein and fat are deposited in the same relative proportion as determined by the Pc of the individual 63 Adapted from Dulloo and Jacquet.
48 Figure 4 Schematic representation of the adipose-specific control of thermogenesis whose suppression in the skeletal muscle, dictated solely by the state of depletion and repletion of the adipose tissue fat stores, could underlie the elevated efficiency (and hence energy conservation) directed specifically at accelerating fat recovery or catch-up fat. This control system would hence comprise a sensor(s) of the state of depletion of the fat stores, a signal(s) dictating the suppression of thermogenesis as a function of the state of depletion of the fat stores, and an effector system (postulated to be the skeletal muscle) mediating thermogenesis.
Catch-up fat and chronic metabolic diseases AG Dulloo et al during starvation, and the increased availability of food leads to the rapid removal of suppression upon the non-specific (SNS-mediated) control of thermogenesis. By contrast, the suppression of thermogenesis under adipose-specific control is only slowly relieved as a function of fat recovery, such that the energy that continues to be spared is directed specifically at the replenishment of the fat stores. The net effect, as previously demonstrated using both statistical and numerical approaches in our re-analysis of human data from the Minnesota Experiment, 70 and substantiated by animal studies, 51, 52 is that fat is deposited in excess of that determined by the Pc of the individual. This would account, at least in part, for the specific acceleration of fat deposition and hence the disproportionate rate of fat relative to lean tissue recovery.
Biological significance of dual-adaptive thermogenesis
Such an adaptive phenomenon that accelerates the restitution of fat stores rather than to divert the energy saved towards compensatory increase in body protein synthesis (an energetically costly process) would have survival value in ancestral famine-and-feast lifestyle. By virtue of the fact that body fat has a greater energy density and a lower energy cost of synthesis=maintenance than protein, it would provide the organism with a greater capacity to rapidly rebuild an efficient energy reserve, and hence to optimize its survival capacity in the face of recurrent shortage of food. Yet equally important for the survival of mammals during weight recovery is the need to retain the capacity to increase heat production (ie thermogenesis) in response to a number of other environmental stresses namely: (a) for increased thermoregulatory needs during weight recovery in cold environments; (b) for the generation of fever during exposure to infections; or (c) for increased heat production as an adaptation to nutrient-deficient diets.
In his remarkable re-analysis of 'Gluttony and thermogenesis', Stock 71 has proposed that the necessity to increase thermogenesis in the face of nutrient-deficient diets probably had evolutionary survival advantages. This is because it would enable overeating (on an energy basis) of such nutrientdeficient diets in an attempt to achieve an adequate intake of the specific nutrient without an excessive weight gain, which would be a hindrance to optimal locomotion, hunting capabilities and the ability to fight or flight. He went on to propose that diet-induced thermogenesis may have evolved as a mechanism for regulating the metabolic supply of essential nutrients (protein, minerals, vitamins) with only a secondary role in regulating energy balance and body weight.
The model presented in Figure 5 therefore provides a structural framework that illustrates how suppressed adiposespecific thermogenesis resulting in enhanced fat deposition during refeeding (and postulated to occur in the skeletal muscle) could persist under conditions when the non-specific control of thermogenesis is activated in organs=tissues recruited by the SNS (liver, kidneys, heart, BAT). These differentially regulated control systems for thermogenesis may thus have arisen during the course of mammalian evolution as dual-adaptive processes that can satisfy the need for energy conservation directed specifically at catch-up fat even under environmental stresses when SNS-mediated activation of heat production has equally important survival values. However, in our modern societies where regular and highly palatable foods are available throughout the year, and where refeeding on diets high in fat content is a common practice during Figure 5 Schematic representation of a compartmental model for the regulation of body weight and body composition during a cycle of weight loss (prolonged starvation) and weight recovery (refeeding). In this model, the two distinct control systems underlying adaptive thermogenesis -the nonspecific control and the adipose-specific control -are integrated with the more 'basal' control of partitioning between the body fat and protein compartments as determined by the partitioning characteristic (Pc) of the individual; see text for details.
Catch-up fat and chronic metabolic diseases AG Dulloo et al nutritional rehabilitation, 72,73 the evolutionary advantage of both adipose-specific suppression of thermogenesis and an overactive SNS activity attempting to activate non-specific control of thermogenesis turn deleterious since, as discussed below, they also confer higher susceptibility towards cardiovascular diseases.
Maladaptive thermogenesis during catch-up fat
Clues that the adipose-specific suppression of thermogenesis for catch-up fat can turn maladaptive on our modern fatty foods could be derived from complete energy balance animal studies designed to assess the effect of isoenergetic exchange between carbohydrates and fat on energy expenditure and body composition during refeeding. 54 Despite the same metabolizable energy intake, rats refed high-fat (HF) diets (40 -53% by energy) gained substantially more body fat than those fed low-fat (LF) diets (6 -30% by energy). This is due to the fact that high-fat refeeding resulted in an elevation of energetic efficiency, ie lower energy expenditure than refeeding isoenergetic diets low in fat. It could be argued that the difference in energy expenditure between the high-fat and low-fat groups during refeeding results from a lower obligatory energy cost of body fat gain since the cost of incorporating dietary triglycerides into adipose tissue (0.16 kJ=kJ gained) is considerably less than the cost involved with de novo lipogenesis from dietary carbohydrates (0.36 kJ=kJ gained). However, although these studies do not indicate what proportion of fat gained results from dietary fat or from de novo synthesis, it can reasonably be assumed that the diets with the lowest (6%) and highest (53%) fat contents represent the two extremes of energy cost of fat gain. Subtracting the obligatory energy cost of fat synthesis from the total energy expenditure abolishes only 50% of the difference in energy expenditure observed between the low-fat and high-fat diets during refeeding. Consequently, the effect of high-fat diets in exacerbating the elevated efficiency during refeeding resides partly in the lower obligatory energy cost of fat deposition, but also partly in a further reduction in 'regulated' thermogenesis. 54 Of particular interest are the findings (shown in Figure 6 ) in these growing animals, that these effects of high-fat diet during weight recovery in refed animals contrast with the less pronounced effects of the same high-fat diet in reducing energy expenditure and in increasing body fat during weight gain in fed controls -the 'between-diet' differences in the latter fed controls being mostly accounted for by differences in their obligatory energy cost of fat deposition. Consequently, this significant interaction between the effect of dietary fat level (high-fat vs low-fat) and the effect of weight changes (weight recovery vs weight gain), suggests that the effect of dietary fat in suppressing 'regulated' thermogenesis is dependent upon the existence of an underlying suppression of the adipose-specific control of thermogenesis. In more recent preliminary studies from our laboratory utilizing the same factorial design as above, we have also found that this greater sensitivity of the phase of weight recovery pertaining to the effect of dietary fat in suppressing thermogenesis and accelerating fat deposition can also be extended to other metabolic abnormalities, namely impaired glucose tolerance, increased serum insulin and FFAs as well as greater sodium retention.
Taken together, these findings lend support to the notion that the phase of weight recovery is a period which is particularly sensitive to the accumulation of body fat and to the development of metabolic abnormalities which predispose to cardiovascular diseases. They therefore underscore a role for suppressed adipose-specific thermogenesis in conferring to the phase of weight recovery a greater Figure 6 Exacerbated suppression of energy expenditure and increased body fat gain during refeeding on a high-fat diet in the rat. LF, low-fat (6% of fat by energy); HF, high-fat (1:1 mixture of lard and corn oil contributing 50% of dietary energy). All diets were fed isoenergetically for 2 weeks in spontaneously growing control groups, and in groups refed after 2 weeks of semi-starvation. *P < 0.001. See text for details.
susceptibility towards high risks for cardiovascular morbidity and mortality.
Pathophysiology of catch-up fat
Such links between suppressed thermogenesis and cardiovascular risks only when the suppression of thermogenesis is exacerbated during isoenergetic refeeding on high-fat (and not on low-fat) diet also underscore how, in response to our 'modern' fatty foods, the operation of an adaptive physiological reaction to the depletion of the fat stores is pushed beyond the limits for which it was designed for survival in a lifestyle of subsistence on low-fat diets. Basically, the increase in dietary fat has compromised a complex homeostatic system. A conceptual framework about the mechanisms by which the exacerbated adipose-specific suppression of thermogenesis during weight recovery can be implicated in the early transition from a state of normal physiology to pathophysiology is presented in Figure 7 ; its main features are outlined below.
(i) It is centered upon the notion that the suppression of adipose-specific thermogenesis occurs primarily in skeletal muscle. This is based upon arguments put forward earlier in relation to sites of thermogenesis, and supported by experimental data indicating that the suppression of thermogenesis for accelerated fat recovery persists unabated even in the cold 53 or during refeeding on protein-deficient diets 54 and is hence unlikely to be occurring in an organ=tissue recruited by the SNS for enhancing thermogenesis. Consequently, since the skeletal muscle is the only organ of quantitative importance for variations in thermogenesis which is not recruited by the SNS in response to diet or to cold in the rat (Table 1) , it is therefore a prime candidate site for suppressed adipose-specific thermogenesis during refeeding.
(ii) During isoenergetic refeeding on low-fat diet, suppressed thermogenesis in skeletal muscle results in decreased metabolic activity and hence decreased blood flow in this tissue, but to a level that does not lead to impairment in substrate metabolism nor in blood pressure homeostasis.
(iii) During isoenergetic refeeding on high-fat diets, however, the exacerbated suppression of thermogenesis can lead to impaired glucose homeostasis and risks for hypertension along several interconnected pathways centered upon skeletal muscle insulin resistance and overactive SNS activity. First, an exacerbated reduction in blood flow, excess circulating FFA and lipid accumulation in skeletal muscle (and consequential lipotoxicity) have all been implicated in the development of skeletal muscle insulin resistance, 74 -76 for which the body tries to compensate via an increase in insulin production. Second, the oversuppression of skeletal muscle thermogenesis, together with the lower obligatory energy cost for fat synthesis during high fat refeeding, results in excess adiposity, and is likely to result in an increase in leptin production.
As elaborated in the mechanistic model of obesityinduced hypertension proposed earlier by Landsberg, 77 and more recently by Montani et al, 78 the resultant hyperinsulinemia and hyperleptinemia -via their known effects in increasing SNS activity -may lead to increases in vascular resistance (including muscle vasoconstriction), increases in cardiac contractility and sodium retention, which can exacerbate the state of insulin resistance and risks for elevation in blood pressure. Furthermore, while the exacerbated reduction in skeletal muscle blood flow can contribute directly to an increase in skeletal muscle vascular resistance, an increase in insulin can also exert direct effects on the renal tubules and hence contribute to sodium retention, with consequential effects on blood pressure regulation. 77, 78 Within this framework, a high-fat induced exacerbation of suppressed adipose-specific control of thermogenesis in skeletal muscle can therefore be regarded as a primary event that leads to excess adiposity, insulin resistance and eventually to hypertension.
Dual-maladaptive thermogenesis
Palatable diets, generally high in fat, refined carbohydrates and salt, can also predispose to levels of energy intake that would otherwise be difficult to achieve on an ancestral bland and bulky diet, low in energy density, and high in satiating power. The superimposition of a hyperphagic state during weight recovery would, as part of mechanisms attempting to stimulate SNS-mediated (non-specific) thermogenesis in order to limit excessive weight gain, be exacerbating an already 'sensitized' state of sympathetic overactivity and skeletal muscle insulin resistance induced by an oversuppression of adipose-specific thermogenesis ( Figure 7) . The combined operation of mechanisms underlying this dual-maladaptive thermogenesis might provide a more complete explanation for the rapid onset of 'refeeding Thus, during catch-up growth or weight recovery on our refined palatable foods, the mechanisms of the 'formerly adaptive' thermogenesis that regulates catch-up fat and body weight (depicted in Figure 5 ) are pushed beyond the limits for which they were meant to operate in an ancestral life and turn maladaptive. The consequences are enhanced susceptibilities towards skeletal muscle insulin resistance and overactive sympathetic activity, both of which are major contributors to the pathogenesis of chronic metabolic diseases. In his theory linking obesity and hypertension, Landsberg 77, 86 has proposed that, to quote: 'whether or not the obese state is the consequence of dietary excess or some diminished capacity for thermogenesis (a low metabolic rate), the accompanying insulin resistance, hyperinsulinaemia and hyperleptinaemia and overactive SNS activity are part of an adaptive mechanism attempting to activate thermogenesis to limit further weight gain, with hypertension developing as an unfortunate side-effect'. However, since weight fluctuation earlier in life (independently of excess weight later in life), is an independent risk factor for metabolic diseases, the mechanisms by which body fat is acquired would seem to be at least as important as the consequences of excess fat per se in the pathogenesis of diabetes, hypertension and cardiovascular diseases.
Conclusions and perspectives
A large section of the human population is predisposed to large fluctuations in body weight, and hence to the phenomenon of accelerated fat recovery or catch-up fat. This concerns:
(a) the one in every four newborns who are growth-retarded in developing countries; (b) the millions of stunted children who might show catchup growth in countries undergoing rapid nutrition transition and exposed to refined fatty foods that are often low in protein quality and essential micronutrients; (c) many of the 800 millions who are classified by international agencies (WHO=FAO) as chronically malnourished because of poverty, war, and natural disasters; (d) the 25 -50% of hospitalized patients in developed countries who suffer from chronic protein-energy malnutrition and who need to recover weight after diseases such as cancer, infections, post-surgical trauma, burns, anorexia nervosa; and (e) last but not least, the tens of millions of 'yoyo' dieters worldwide -ranging from those who are marginally overweight to those morbidly obese -who repeatedly recover weight because of repeated unsuccessful slimming.
The compartmental model presented in Figure 5 provides a conceptual framework for illustrating how during weight recovery, the concomitant suppression of adipose-specific thermogenesis for energy conservation directed specifically at fat deposition and the activation of mechanisms of non-specific (SNS-mediated) thermogenesis in reaction to overeating might operate to regulate catch-up fat. Since in the absence of hyperphagia, the suppressed adipose-specific thermogenesis still operates to ensure a high efficiency for catch-up fat, and its oversuppression by high-fat foods confers the phase of weight recovery with increased susceptibility for cardiovascular diseases, it provides a fundamental physiological-turned-pathophysiological link between large weight fluctuations and higher cardiovascular morbidity and mortality later in life. In the present state of knowledge, the various components of this control system (Figure 4 ) -the sensor of the state of fat depletion=repletion, adipose-derived signals that lead to suppressed thermogenesis, effector sites and molecular mechanisms involvedremain within a black box of autoregulation of catch-up fat.
Elucidation of the components of the adipose-specific control of thermogenesis, how they are modulated by diets high in fat content to result in oversuppression of thermogenesis, and whether they are further 'hypersensitized' with repeated cycles of weight loss and weight recovery, or by fetal or neonatal programing, are no doubt crucial steps towards defining the molecular -physiological pathways from weight fluctuations to chronic metabolic diseases.
